Red rice is a variety of rice that has more nutritious than white or brown rice. It is also a good source of many potent anti-aging phytochemicals. However, the compounds in red rice extract that exhibit skin anti-aging properties have not been investigated. In this study, the main bioactive compounds in red rice extract (RRE) including proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol were studied in order to determine their anti-skin aging properties. The effects on skin degradation were assessed by inhibitory enzymatic activity against collagenase and matrixmetalloproteinase-2 (MMP-2). The production levels of collagen and hyaluronic acid obtained from human skin fibroblasts were determined by ELISA. Anti-melanogenesis activity of the bioactive compounds were investigated in B16-F10 mouse melanoma cells. The activity of collagenase and MMP-2 was strongly inhibited by proanthocyanidin and catechin, while hydroxybenzoic acid, vanillic acid and oryzanol had no effect. Moreover, proanthocyanindin and catechin significantly induced collagen and hyaluronic acid synthesis in human fibroblast cells. Proanthocyanidin and oryzanol reduced the melanin content in B16-F10 mouse melanoma cells. Proanthocyanidin, but not oryzanol, significantly decreased cellular tyrosinase activity. However, the bioactive compounds obtained from red rice extract had no effect on mushroom tyrosinase activity. In addition, proanthocynidin and catechin, exhibited strong DPPH radical scavenging activity, whereas oryzanol slightly inhibited this action. Taken together, these results suggest that proanthocyanidin, catechin, and oryzanol are the bioactive compounds in red rice that exhibit the greatest levels of anti-skin aging properties.
Skin aging is a process characterized by progressive physiological and structural changes in skin. A combination of individual intrinsic and extrinsic factors such as age, lifestyle, diet and sunlight, and certain environmental factors contribute to skin aging [1] . Striking changes occur in the dermis, such as with a massive deposition of abnormal elastic fibers, collagen degeneration and loss of hyaluronic acid [1] . The main enzymes involved in extracellular matrix (ECM) degradation are elastase and matrix metalloproteinases (MMPs). Specific examples of these are gelatinases (MMP-2) and collagenase [2] [3] . MMPs activity is accelerated with age and in the presence of reactive oxygen species [2] , particularly superoxide anion which is a potent inflammatory mediator [4] . In skin aging, the levels ECM degradation are elevated and this leads to a loss of skin firmness, along with dryness and the appearance of wrinkles [5] . Among the elderly and those with sun-exposed skin, over production of melanin from melanocyte can cause dark spot formations on the skin [6] . Therefore, compounds or extracts that can protect the skin in various ways, including scavenging ROS, suppression of ECM degradation enzymes and the inhibition of melanogenesis, can be employed in skin care products for the prevention or treatment of skin aging.
Red rice extract (RRE) has been reported to possess anti-oxidant, anti-inflammation, anti-cancer and anti-photo-aging properties [7] [8] . Our previous study indicated that red rice extract showed antiphotoaging activity by preventing UV-induced collagen and hyaluronic acid (HA) degradation in skin fibroblast cells [9] . Moreover, red rice extract inhibited collagenase and MMP-2 activity [9] . Therefore, RRE could be a promising candidate for anti-aging treatments and topical applications in cosmetic products. However, the active compounds in RRE that exhibit anti-aging properties have not been investigated.
The main phytochemicals in red rice are phenolic compounds and γ-oryzanol. Proanthocyanidin is the major phenolic compound in ethanol red rice extract [8] . Moreover, other bioactive phenolic compounds such as catechin, hydroxybenzoic acid and vanillic acid are also present in red rice extract. Recently, several studies have shown that proanthocyanidin, catechin, vanillic acid and oryzanol obtained from various plants may offer benefits to cosmetic products including anti-inflammation, anti-melanogenesis and antioxidant properties. For the enhancement of cosmetic applications, the active compounds in red rice extract that exhibit skin anti-aging activities should be studied. Therefore, in this study we investigated the anti-aging activity of the main phenolic compounds and γ-oryzanol that are present in red rice. The anti-aging effects including collagen and HA synthesis, melanin synthesis, collagenase activity and MMP-2 activity were evaluated.
Effect of Phenolic Compounds and Oryzanol on Cell Viability:
The cytotoxicity of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol on fibroblasts and B16-F10 cells were determined using SRB assay. The cells were treated with or without various concentrations of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol (0-200 µg/mL) for 48 h. Catechin, hydroxybenzoic acid and vanillic acid were found to have no effect on skin fibroblast growth at 0-200 µg/mL (IC 20 Yodkeeree et al. µg/mL), while proanthocyanidin and oryzanol had no effect on skin fibroblast growth at 0-100 µg/mL. The IC 20 of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol on fibroblasts was found to be greater than or equal to 100 µg/mL, and could also be applied in other experiments without cytotoxicity (Table 1) . For B16-F10 cells, catechin, hydroxybenzoic acid and vanillic acid were found to have no effect on B16-F10 growth at 0-200 µg/mL, while proanthocyanidin and oryzanol had no effect on B16-F10 growth at 0-50 µg/mL and 0-10 µg/mL, respectively (Table 1) . Effect of Phenolic Compounds and Oryzanol on Collagenase Activity: Collagenase activity was measured using fluorogenic DQ™-gelatin assay. Proanthocyanidin (0.1-2 µg/mL) dramatically decreased collagenase activity in a dose dependent manner ( Figure  1A ). Catechin slightly inhibited collagenase activity at high doses (75-100 µg/mL) as is shown in Figure 1B , while hydroxybenzoic acid, vanillic acid, and oryzanol had no effect on collagenase activity ( Figures 1C, D and E). The inhibition effect of proanthocyanidin and catechin on collagenase activity could protect against collagen breakdown.
Effect of Phenolic Compounds and Oryzanol on MMP-2
Activity: Enzyme MMP-2 was involved in ECM degradation. MMP-2 activity was determined using gelatin zymography. After the gel was incubated with various concentrations of proanthocyanidin (50-100 µg/mL) and catechin (12.5-100 µg/mL), the level of MMP-2 activity significantly decreased in a dose dependent manner (Figures 2A and B) , while hydroxybenzoic acid, vanillic acid and oryzanol had no effect on MMP-2 activity (Figures 2C, D and E). Proanthocyanidin rich fractions and catechin showed an inhibitory effect on MMP-2 activity that is related with ECM degradation in human skin fibroblasts.
Effect of Phenolic Compounds and Oryzanol on Collagen Synthesis in Human Skin Fibroblasts:
Collagen is the most abundant protein in the body and is mostly found in the basement membrane of skin. Collagen synthesis from fibroblasts was determined using a collagen kit. The collagen synthesis from fibroblasts was significantly increased after treated with proanthocyanidin at 50 and 100 µg/mL and catechin at 25-100 µg/mL in a dose dependent manner ( Figures 3A and 3B ). In contrast, hydroxybenzoic acid and vanillic acid and oryzanol had no effect on collagen synthesis (Figures 3C, D and E). Proanthocyanidin and catechin supported the enhancement of collagen synthesis in fibroblasts.
Effect of Phenolic Compounds and Oryzanol on HA synthesis in Human Skin
Fibroblasts: HA synthesis from fibroblasts was measured using an ELISA kit. HA synthesis increased in a dose dependent manner after being treated with various concentrations of proanthocyanidin or catechin (75-100 µg/mL) with significant doses 75 and 100 µg/mL when compared to the control as shown in Figures 4A and B, while hydroxybenzoic acid, vanillic acid and oryzanol had no effect on HA synthesis (Figures 4C, D and E).
Proanthocyanidin and catechin could induce HA synthesis in fibroblasts. The effects of phenolic compounds and oryzanol on MMP-2 activity were determined using gelatin zymography. All assays have been performed in triplicate and the mean ± standard deviations are shown as *p<0.05, **p<0.01 and ***p<0.001 versus the non-treated culture supernatant.
Effect of Phenolic Compounds and Oryzanol on Melanin Synthesis in B16-F10 Cells:
The effects of phenolic compounds and oryzanol on melanin synthesis were determined in B16-F10 cells. Melanin synthesis was significantly decreased in a dose dependent manner after being treated with various concentrations of proanthocyanidin (0-50 µg/mL) and oryzanol (0-10 µg/mL) as is shown in Figures 5A and E. Treatment the cells with 25 and 50 µg/mL of proanthocyanidin reduced melanin level to 63 % and 59 %, respectively. Whereas, 7.5 and 10 µg/mL of oryzanol reduced 
Effect of Phenolic Compounds and Oryzanol on Tyrosinase
Activity: Tyrosinase is a key regulated enzyme in melanin synthesis. Thus, the reduction of tyrosinase is a focal point for research into preventing skin hyperpigmentation. In vitro tyrosinase activity assays using mushroom tyrosinase and L-DOPA as substrate indicate that proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol had no effect on enzyme activity ( Figure 6 ). Next, the inhibitory effect of proanthocyanidin and oryzanol on melanin synthesis in B16-F10 cells was investigated by monitoring the levels of the cellular tyrosinase. The results indicated that proanthocynidin at 25 and 50 mg/mL significantly reduced cellular tyrosinase activity ( Figure 7A ), while oryzanol had no effect on cellular tyrosinase activity ( Figure 7B ).
Figure 3:
The effects of phenolic compounds and oryzanol on collagen synthesis were determined using a collagen kit. All assays have been performed in triplicate and the mean ± standard deviations are shown as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 versus the control.
Effect of Phenolic Compounds and Oryzanol on Antioxidant Activity:
The free radical scavenging activity of phenolic compounds and oryzanol was examined by DPPH scavenging assay. As is show in Table 2 , proanthocyanidin and catechin at 50 µg/mL strongly exhibited free radical scavenging activity by showing % inhibition at 83 and 85%. In addition, oryzanol at 50 µg/mL slightly reduced free radical scavenging activity by showing % inhibition at 19 %, whereas hydroxybenzoic acid and vanillic acid had no effect. As shown in Figure 8 , proanthocyanidin and catechin significantly increased radical scavenging activity in a dose dependent manner.
Natural compounds have been widely used for the prevention of skin aging and hyper pigmentation [1] . The prevention of excessive ECM degradation, regulation of collagenase and MMPs activity, reduction of melanogenesis and the scavenging of free radicals are the pathways that are mainly affected by agents used in the prevention of skin aging [10] . RRE has been reported to possess anti-photoaging activity [9] . The extract prevents UV-induced inflammation and ECM degradation by blocking AP-1 and NF-B activation [9] . Phenolic compounds and γ-oryzanol are the major bioactive compounds in red rice. Our recent study has shown that the major phenolic compound in red rice extract is proanthocyanidin. There are also adequate amounts of catechin, vanillic acid and hydroxybenzoic acid [8] . However, the active compound in the extract that is responsible for the anti-aging activity has not yet been determined. In the current study, in order to identify the appropriate concentrations of the phenolic compounds and γ-oryzanol in RRE which do not affect the viability 970 Natural Product Communications Vol. 13 (8) 2018 Yodkeeree et al.
of fibroblasts and B16-F10 cells, the MTT assay was performed with the compounds at various concentrations. The active compounds in red rice extract including proanthocyanidin rich fraction, catechin, hydroxybenzoic acid, vanillic acid and oryzanol had no effect on fibroblast growth at 0-100 µg/mL. This concentration could be applied in cosmetic formulation without toxicity.
Fibroblasts produce components of the ECM including collagen, elastin and ground substances such as proteoglycans [11] . The reduction of ECM can be attributed to either a reduction in the level of synthesis or an increase in the rate of degradation, which are critical features of aged skin leading to skin thinning and the increased fragility of skin [12] . In the current study, low concentrations of proanthocyanidin strongly inhibited collagenase activity. Moreover, catechin at 75 and 100 µg/mL slightly inhibited collagenase activity. In addition, proanthocyanidin and catechin also reduced MMP-2 activity in a dose dependent manner, whereas vanillic acid, hydroxybenzoic acid and oryzanol had no effect. These results are consistent with the findings of a previous study, which stated that the plant extracts containing high amounts of catechin or proanthocyanidin inhibited MMPs activity and increased collagen production [9] . Moreover, our result indicated that proanthocyanidin and catechin induced collagen synthesis from human fibroblast. These results are correlated with previous reports on anti-wrinkle effect of tea catechins in hairless mice [13] . Taken together suggest that proanthocyanidin and catechin in red rice possess useful collagen boosting attributes which benefit the skin via a reduction in collagen breakdown. Hyaluronic acid (HA) plays an important role in proper skin hydration due to its water-binding properties [14] . Environmental factors such as UV radiation damages the skin barrier and causes water loss via changes to the levels of HA [14] . Our results demonstrate for the first time that proanthocyanidin and catechin dramatically increased HA synthesis in a dose dependent manner, while vanillic acid, hydroxybenzoic acid and oryzanol had no effect. Hence, proanthocyanidin and catechin are the compounds in red rice extract that are responsible for enhancing the moisturizing of the skin. An increase in HA synthesis levels results in the skin being less dry.
Hyperpigmentation is particularly obvious in darker skin and is often difficult to treat. Cosmetic scientists have conducted various in vivo and in vitro studies on skin lightening agents [15] [16] . Our results showed that proanthocyanidin strongly reduced melanin synthesis, whereas oryzanol at 7.5 and 10 g/mL inhibited melanin synthesis as same as 200 µg/mL kojic acid, a positive control. However, vanillic acid, hydroxybenzoic acid and catechin had no effect. This result is consistent with those of previous studies, which found that proanthocyanidin and oryzanol reduced melanogenesis. The key enzyme that regulates melanin synthesis is tyrosinase, which is involved in two steps of melanin synthesis including the hydroxylation of tyrosine to DOPA and the oxidation of DOPA to DOPA quinone [17] . Surprisingly, phenolic compounds and oryzanol obtained from red rice had no effect on mushroom tyrosinase activity. However, proanthocyanidin, but not oryzanol, reduced the cellular tyrosinase activity of tyrosine induced-B16-F10 cells. Our results showed that melanogenesis in B16-F10 cells has been regulated by proanthocyanidin and oryzanol [15] . All of these results suggest that proanthocyanidin obtained from RRE plays an important role in anti-aging activity. Proanthocyanidin strongly inhibited collagenase activity and MMPAnti-skin aging properties of red rice Natural Product Communications Vol. 13 (8) 2018 971 2 activity. This compound also induced collagen and HA synthesis in human skin fibroblasts. Catechin and oryzanol also exhibited an anti-aging effect, but the affect was not outstanding when compared with proanthocyanidin. Interestingly, proanthocyanidin rich fraction is valuable when used in cosmetic formulations that promote potent anti-aging effects. This substance is able to be applied in antiwrinkle and hyperpigmentation skin treatments. 
Preparation of Proanthocyanidin Rich Fraction from Red Rice Extract:
The grains of red rice (Oryza sativa L.) were harvested from Chiang Mai, Thailand in 2017. A voucher specimen number was certified by the herbarium at the Flora of Thailand, Faculty of Pharmacy, Chiang Mai University. Voucher specimen no. 023148 was kept on record for future reference.
Proanthocyanidin rich fraction was isolated from RRE using Sephadex LH20 chromatography as has been previously described [18] . One kilogram of whole grain red rice was finely ground and extracted with 70% ethanol by being shaken at room temperature for 12 h. After that, the ethanolic sample was evaporated and freeze-dried to obtain the ethanolic extract of red rice. The ethanolic extract was re-dissolved in hexane-water at a ratio of 1:1. The fraction was sequentially liquid-liquid partitioned with hexane, dichloromethane and ethyl acetate. The water remaining solution was further isolated by a Sephadex LH-20 Column.
Proanthocyanidin obtained from red rice was isolated by Sephadex LH20 chromatography. Five grams of water fraction was dissolved in methanol and loaded onto a Sephadex LH-20 Column. The fraction was sequentially eluted with 30% methanol and 70% acetone. Proanthocyanidin in each fraction was determined by vanillin assay. The fractions containing a high concentration of proanthocyanidin were pooled and freeze-dried to obtain proanthocyanidin rich fraction.
Cell Cultures: Primary human skin fibroblasts were aseptically isolated from an abdominal scar after a surgical procedure involving a cesarean delivery at the surgical ward of CM Maharaj Hospital, Chiang Mai University, Chiang Mai, Thailand (Study code: BIO-2558-03541 approved by Medical Research Ethics Committee, Chiang Mai University). The fibroblasts were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 50 U/mL penicillin, and 50 µg/mL streptomycin. The cells were maintained in a 5% CO 2 humidified incubator at 37°C.
B16-F10 melanoma cells were supplied by ATCC. The cells were cultured in DMEM that was supplemented with 10% FBS, 2 mM Lglutamine, 50 U/mL penicillin, and 50 µg/mL streptomycin. The cells were maintained in a 5% CO 2 humidified incubator at 37°C.
Cell Viability Assay: Cytotoxicity of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol on fibroblast and B16-F10 cells were determined by SRB assay as described previously [19] .
Collagen Synthesis: Collagen secreted from fibroblasts was determined using Sirius Red Collagen Staining Kit (Chondrex, Inc) according to the manufacturer's instructions. Briefly, fibroblasts were seeded in a twelve-well plate for 24 h. After that, the cells were incubated with or without proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol for 48 h and the cultured medium was collected. The 25% Trichloroacetic acid (TCA) and bovine serum albumin (BSA) solution was added to the cultured medium and it was then incubated on ice for 30 min. The mixture was centrifuged at 10,000 rpm for 3 min. The pellet was dissolved with 0.05 M acetic acid and incubated with Sirius Red dye for 20 min at room temperature. The mixture was centrifuged and the pellet was dissolved by extraction buffer. The absorbance measured at 540 nm with a spectrophotometer was compared with the standard collagen in various concentrations.
Collagenase Activity Assay: The collagenase activity was measured using modified fluorogenic DQ™-gelatin assay as has been previously described [20] . Briefly, various concentrations of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol (0-100 µg/mL) were incubated with one U/mL of collagenase. After that, 15 µg/mL of gelatin (DQ gelatin) was added and incubated for 10 min. The enzyme activity was estimated by the slope of linear regression between time and absorbance over a period of 2-6 min.
MMP-2 Activity Assay:
The MMP-2 activity was determined by gelatin zymography as was previously described [21] . The culture medium of fibroblast was subjected to 10% polyacrylamide gels containing 0.1% w/v of gelatin under non-reducing conditions. The gel slab was cut into slices which corresponded to the lanes and then the slices were put into different tanks and they were incubated with an activating buffer containing various concentrations of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol at 37°C for 18 h. After that, a strip of the gels was washed and stained with Coomassie Brillant Blue R (0.1% w/v) and was then de-stained in 30% methanol and 10% acetic acid. MMP-2 activity appeared as a clear band against a blue background. Digestion bands were quantitated by the Image J program.
Hyaluronic Acid (HA) Synthesis Assay by ELISA: The fibroblasts (5 x10 4 cells/well) were seeded in 24-well-plates for 24 h at 37°C, 5% CO 2 . The cells were pre-treated in serum free medium for 6 h and were then treated with or without various concentrations of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol for 48 h. The cultured medium was collected and HA synthesis was measured by ELISA as previously described [22] .
Melanin content: B16-F10 cells (1x10 5 cells/dish) were seeded in a 60x15 mm 2 dish and the cells were incubated for 24 h at 37°C, 5% CO 2 . After that, the cells were treated with 200 µg/mL of kojic acid, a positive control or various concentrations of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol. The cells were incubated for 48 h at 37°C, 5% CO 2 . The cells were then collected and washed with PBS. NaOH was added to the cells and they were incubated at 80°C for 30 min. The absorbance was determined using a microplate reader at 405 nm.
Mushroom tyrosinase activity:
Tyrosinase inhibition assay was determined as was previously described [23] . Various concentrations of tested compounds were added to a 96-well-plate. The reaction was carried out in a phosphate buffer (pH 6.4) containing 100 U/mL mushroom tyrosinase. L-DOPA substrate (1 mM) was added into the reaction mixture and it was then incubated for 20 min at room temperature. The change of the absorbance at 490 nm was measured every 2 min for 20 min using a microplate reader.
Cellular tyrosinase activity: B16-F10 cells (2x10 5 cells/dish) were seeded in a 60x15 mm 2 dish and the cells were incubated overnight for 24 h at 37°C, 5% CO 2 . The cells were stimulated with 3.7 mM tyrosine together with various concentrations of proanthocyanidin and oryzanol for 24 h. After which, cells were collected and lysed with PBS containing with 1% V/V triton-x and 1 mM PMSF. Cellular lysates were centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was collected and the protein content was determined by Bradford assay. A total of 100 µL of the cellular extract containing the same total protein concentration was added to each well in 96-well-plates, and then 100 µl of DOPA (1.25 mM) was added to the phosphate buffer at a pH of 6.8. After incubation at 37°C for 60 min, the absorbance was measured at 475 nm.
DPPH free radical scavenging capacity:
The free radical scavenging potential of proanthocyanidin, catechin, hydroxybenzoic acid, vanillic acid and oryzanol was measured based on their capability to scavenge the stable 1, 1-diphenyl-2-picrylhydrazyl (DPPH) radical according to the previously described [24] .
Statistical Analysis: All data are presented as the mean ± standard deviation (S.D.) values. Statistical analysis was analyzed with Prism version 6.0 software using one-way ANOVA with Dunnett's test. Statistical significance was determined at * p < 0.05, **p<0.01, ***p<0.001 or **** p < 0.0001.
